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Abstract

Background: COVID-19 can cause profound inflammation and coagulopathy, and while many
mechanisms have been proposed, there is no known common pathway leading to a prothrombotic
state.

Objectives: From the beginning of the COVID-19 pandemic, elevated levels of extracellular
histones have been found in plasma of patients infected with SARS-CoV-2. We hypothesized
that platelet activation triggered by extracellular histones might represent a unifying mechanism
leading to increased thrombin generation and thrombosis.

Methods: We utilized blood samples collected from an early clinical trial of hospitalized
COVID-19 patients (NCT04360824) and recruited healthy subjects as controls. Using plasma
samples, we measured the procoagulant and prothrombotic potential of circulating extracellular
histones and extracellular vesicles (EVs). Platelet prothrombotic activity was assessed via
thrombin generation potential and platelet thrombus growth. Circulating EVs were assessed for
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thrombin generation potential /7 vitro in plasma and enhancement of thrombotic susceptibility /n
Vvivoin mice.

Results and Conclusions: Compared to controls, COVID-19 patients had elevated plasma
levels of citrullinated histone H3, cell free DNA, nucleosomes, and EVs. Plasma from COVID-19
patients promoted platelet activation, platelet-dependent thrombin generation, thrombus growth
under venous shear stress, and release of platelet-derived EVs. These prothrombotic effects

of COVID-19 plasma were inhibited by an RNA aptamer that neutralizes both free and DNA-
bound histones. EVs isolated from COVID-19 plasma enhanced thrombin generation /n vitro
and potentiated venous thrombaosis in mice /n vivo. We conclude that extracellular histones and
procoagulant EVs drive the prothrombotic state in COVID-19 and that histone-targeted therapy
may prove beneficial.
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COVID-19; extracellular vesicles; histones; thrombin generation; thrombosis

Introduction

Coronavirus disease 2019 (COVID-19) is a thrombo-inflammatory state. In severe cases,

it leads to profound inflammation and coagulopathy with progression to multiple organ
failure [1-4]. Venous thromboembolism occurs in 12 to 28% of hospitalized COVID-19
patients despite pharmacological thromboprophylaxis [5-8]. Many potential mediators of
thrombosis in COVID-19 have been proposed; however, no unifying mechanism has been
established. The identification of a common pathway leading to thrombosis in COVID-19
could establish new biomarkers for thrombotic risk stratification and direct the development
of antithrombotic therapeutics toward novel drug targets.

Proposed mediators of thrombosis in COVID-19 include endotheliopathy [9, 10], platelet
activation [9, 11, 12], cytokine storm [13-17], neutrophil activation [18-22], complement
activation [18] and antiphospholipid antibodies [21]. All of these processes can induce cell
death pathways such as apoptosis, necrosis, or extracellular trap (ET) formation via direct or
indirect mechanisms [23-27], resulting in elevation of extracellular histones [23, 28-31].

Many patients with COVID-19 have elevated plasma levels of free histones such as
citrullinated histone H3 (H3Cit) as well as DNA-bound histones such as nucleosomes [14,
20, 22, 32-35]. Interestingly, elevated plasma levels of H3Cit in COVID-19 are positively
associated with disease severity and may serve as a prognostic marker of thrombosis

[22, 33-35]. In COVID-19, H3Cit is not only elevated in blood plasma but also in lung
tissue [19, 36], bronchoalveolar fluid [33], and tracheal aspirates [14, 36], suggesting that
histones may be not only a marker but also a potential mediator of pulmonary or cardiac
thrombosis. Notably, elevation of extracellular histones has been a persistent feature of
COVID-19 throughout the pandemic [37], indicating that it is an assiduous characteristic of
SARS-CoV-2 and its variants and subvariants.

In mice, administration of exogenous histones at high concentrations causes lethality
[38]. At sub-lethal doses, histones promote acute inflammation [39] and thrombosis by
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affecting both procoagulant and anticoagulant pathways [40-43]. Elevated plasma levels

of extracellular histones have been reported in thrombotic conditions such as myocardial
infarction [44], stroke [45, 46], ischemic outcomes after angioplasty [47], deep vein
thrombosis [48], and disseminated intravascular coagulation [43]. Extracellular histones
have the potential to activate platelets via toll-like receptors TLR2 and TLR4, leading to
histone-mediated platelet activation and enhanced thrombin generation [49, 50]. Thrombin
generation potential is enhanced in COVID-19 [9, 51-54], but the potential role of
extracellular histones and the downstream mechanisms of thrombin generation and thrombus
formation have not been delineated.

Using plasma samples from an early clinical trial of hospitalized COVID-19 patients

[55], we investigated the mechanistic role of extracellular histones in inducing platelet
prothrombotic activity, release of procoagulant extracellular vesicles (EVs), thrombin
generation, and thrombus formation in COVID-19. We also investigated the prothrombotic
potential of EVs isolated from COVID-19 plasma to augment venous thrombosis in a mouse
model.

Human subjects

Mice

Blood samples were collected from hospitalized adult patients with COVID-19 from April
2020 to January 2021 as part of an investigator-initiated, open-label randomized controlled
trial (NCT04360824) [55]. Infection with SARS-CoV-2 was confirmed by nasopharyngeal
swab polymerase chain reaction. Patients were eligible if they were admitted to an intensive
care unit (ICU) and/or had coagulopathy defined as a modified International Society on
Thrombosis and Haemostasis Overt DIC score = 3 [55]. Control blood samples were
collected from healthy subjects who were free of cardiovascular and metabolic disease and
were not taking any medications. Written informed consent was obtained from all controls
and patients or their legally authorized representatives. All protocols were approved by the
institutional review board of the University of lowa.

All animal studies were approved by the institutional animal care and use committees at the
University of lowa. C57BL6J mice were obtained from the Jackson Laboratory and were
bred and maintained in the animal facility at the University of lowa. Both male and female
mice were included in the study design.

Blood sample processing

Blood was collected in tubes containing 3.2% sodium citrate. 50 pg/mL corn trypsin
inhibitor (CTI, Haematologic Technologies) was added to some of the samples within 60
minutes of collection and before processing to prevent contact-dependent coagulation. Blood
was centrifuged at 1000 g for 10 minutes at room temperature to collect platelet poor
plasma (PPP), which was centrifuged further at 10,000 g for 10 minutes to obtain platelet
free plasma (PFP). For some experiments, EVs were isolated from PFP by centrifugation

at 20,000 g for 30 minutes followed by a wash in PBS and a second spin at 20,000 g for
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30 minutes [56]. The resultant EV-free plasma was stored for use in other experiments.

The isolated EVs were characterized by transmission electron microscopy, nanoparticle
tracking analysis, western blotting, and flow cytometry or used in thrombin generation

or experimental venous thrombosis. See details of EV isolation and characterization in

Supplemental Data.

Platelets were isolated from whole blood using density centrifugation as described
previously [57] (see Supplemental Data for details). Isolated platelets were suspended
in Tyrode’s buffer at pH 7.35 containing 0.35% bovine serum albumin or in PPP or
EV-free PFP as needed. For some experiments, after incubation platelets were pelleted
and resuspended in pooled healthy PFP containing CTI or in the Tyrode buffer. In other
experiments, PPP was pre-treated for 5 minutes with 1 pM of histone binding aptamer-7
(HBAT; previously referred to as KU7) [58] or with 250 ng/mL of anti-TLR2 prior to
incubation with platelets.

Thrombin generation

Thrombin generation in PFP was measured using the Calibrated Automated Thrombogram
(Diagnostica Stago, Inc) [59]. PFP from patients or controls was pre-treated with heparinase
(>125 1U/mL) (Hepzyme, Seimens) to inactivate any residual heparin or low-molecular
weight heparin in the plasma. PFP (80 pl) was incubated with 20 pl of “trigger” (either 1 pM
tissue factor (TF), 4 uM phospholipids, or both) in round-bottom 96-well Immulon plates
for 10 minutes at 37° C before a FluCa fluorogenic substrate (Z-GGR-AMC) buffer solution
containing CaCl, was added and generation of thrombin was monitored for 60 minutes [60].
These assays were conducted either in the presence or absence of platelets (5 x 108 cells/
mL), or with the addition of exogenous EVs, DNase 1 (20 units/mL, Worthington 65006344)
or heat-inactivated DNase 1, histone H3.1 (500-25,000 ng/mL, designated as histone H3,
New England Biolabs M2503S), H3Cit (500-25,000 ng/mL, Cayman Chemicals 17926), or
nucleosomes (500-10,000 ng/mL, EMD Millipore 14-1057). Peak thrombin (nM), velocity
index (NM/min), lag time (min), time to peak (Tmax) (min), and endogenous thrombin
potential (ETP) (nM.min) were determined using Thrombinoscope software 5.0.

Platelet-derived EV production

To generate platelet-derived EVs (PEVS), platelets from healthy subjects were stimulated
with either EV-free plasma or agonists in Tyrode’s buffer containing 2 mM CaCl,
[convulxin (Santa Cruz) plus thrombin (Chronolog), histone H3.1 (designated as histone
H3 or H3), H3Cit, or nucleosomes] for 1 hour at 37° C. In some experiments, histone

H3, H3Cit, and nucleosomes were pre-incubated either with 1 pM HBAT for 5 minutes or
platelets were pre-incubated with anti-TLR2, anti-TLR4, or IgG (Invitrogen 16-9922-82,
16-9917-82, 16-4724-82 respectively) for 15 minutes at room temperature. Platelets were
then pelleted by centrifugation at 1,000 g for 8 minutes and the EVs were isolated as
detailed in Supplemental Data.

Experimental venous thrombosis

Experimental venous thrombosis was performed using the stenosis model of inferior vena
cava (IVC) ligation in 8-12 week old male C57BL6/J mice (Jackson Laboratory) in which
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the 1VC was partially ligated just below the left renal vein using a 6.0 silk suture [21]. Side

branches were not ligated. Immediately after the IVC ligation, EVs isolated from 500 pl of

either COVID-19 or control PFP were injected retro-orbitally. After 48 hours, the thrombus
that formed inferior to the ligation was harvested and the length and weight of the thrombus
were recorded.

Statistical analysis

All data were analyzed using GraphPad Prism 9. Histograms of all measures were examined
to graphically assess normality.[61] For data in a normal distribution, the unpaired t-test
was used for two-group comparisons and the one-way ANOVA was used for multiple
groups followed by Dunn’s test for comparison. For data not in a normal distribution,

the Mann-Whitney test was used for two-group comparisons and the Kruskal-Wallis test
used for multiple groups. For paired samples, the paired t-test was used for data in a

normal distribution and the Wilcoxon matched pairs signed rank test used for data not

in a normal distribution. Repeated measures data were analyzed using a mixed effects
ANOVA. Spearman’s rank-based correlation was performed to assess the relationships
between continuous measures for overall or cohort-stratified samples.

Data sharing statement

Results

Data are available from the corresponding author upon request.

Plasma from COVID-19 patients enhances platelet-dependent thrombin generation and
thrombus formation in vitro

Plasma samples were collected from 103 hospitalized COVID-19 patients and 68 healthy
subjects (controls). Baseline characteristics of the patients and controls are summarized in
Table 1. The median age of the COVID-19 patients was 63 years, 53% were male, 66%
were admitted to an intensive care unit (ICU), and their hemostatic parameters were notable
for elevated D-dimer (median 1.5 ug/mL, IQR 0.8-3.9 pg/mL). The 30-day mortality was
17.5% and 14% suffered from venous or arterial thrombosis. Full details of the clinical
course of the patients were reported in the primary clinical trial publication [55].

To determine if COVID-19 plasma promotes platelet activation, platelets isolated from
healthy subjects were incubated for 15 minutes in PPP prepared from either COVID-19

or healthy controls. Flow cytometry was performed to measure platelet surface a b3
activation by PAC1 binding and phosphatidylserine (PS) exposure by annexin V binding. We
observed that platelets incubated with COVID-19 plasma demonstrated activation of abp3
(0 <0.01) and increased PS exposure (p < 0.001) compared to control plasma (Figure 1
A-B).

To determine if COVID-19 plasma promotes platelet-dependent thrombin generation,
platelets isolated from healthy subjects were incubated with PPP from either controls or
COVID-19 patients, pelleted, and resuspended in pooled healthy PFP containing CTI to
inhibit contact activation. Thrombin generation was triggered with TF without exogenous
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phospholipids. Compared to pooled healthy PFP without added platelets, the addition of
platelets enhanced peak thrombin generation (Figure 1 C). This effect was greater in
platelets incubated with COVID-19 plasma compared to platelets incubated with control
plasma (p < 0.01). Platelets incubated with COVID-19 plasma also demonstrated greater
enhancement of velocity index and ETP compared to platelets incubated with control plasma
(p < 0.01 for both). No associations were observed between thrombin generation and age,
body mass index (BMI), or sex of the COVID-19 patients (Figure S1 A-0).

We next determined the effect of COVID-19 PPP on platelet thrombus formation on

a collagen matrix under venous shear stress in a microfluidic flow chamber /n vitro.
Platelets from healthy subjects were resuspended in recalcified PPP from either controls

or COVID-19 patients for 15 minutes and then perfused over collagen (Figure 1 D). We
observed a more rapid accumulation of platelets incubated with COVID-19 PPP compared
to control PPP, and significantly larger platelet thrombi developed after 10 minutes with
COVID-19 PPP compared to control PPP (p< 0.05) (Figure 1 E). Platelet accumulation was
not associated with age, BMI, nor sex of the COVID-19 patients (Figure S1 P-R).

Plasma from COVID-19 patients promotes production of platelet-derived extracellular

vesicles

To further determine the effect of COVID-19 plasma on platelets, we measured the
production of PEVs, which have been demonstrated to promote thrombin generation [62,

63] and have been found in the plasma of COVID-19 patients [9, 64—70]. When platelets
from healthy control subjects were incubated with EV-free plasma from either controls or
COVID-19 patients for one hour, we observed that EV-free plasma from COVID-19 patients,
but not controls, triggered platelets to produce annexin VV/CD41-double positive PEVs as
analyzed by flow cytometry (Figure 1 F). Neither age, BMI, nor sex was associated with
PEV production (Figure S1 S-U).

To determine if PEVs enhance thrombin generation, the isolated PEVs were added to
pooled control EV-free PFP containing CTI. Thrombin generation was once again triggered
with TF without exogenous phospholipids. The addition of PEVSs isolated from platelets
stimulated with COVID-19 EV-free plasma increased the peak thrombin and velocity index
significantly compared to PEVs produced from platelets stimulated with control EV-free
plasma (p < 0.02 and 0.01) (Figure 1 G).

Extracellular histones in COVID-19 plasma mediate platelet-dependent thrombin
generation, in vitro thrombus formation, and PEV production

One of the hallmarks of SARS-CoV-2 infection is the increased presence of markers of cell
death, including extracellular histones, in plasma [14, 20, 22, 32-35]. Consistent with these
reports, we observed that levels of cell-free DNA (cfDNA), H3Cit, and nucleosomes were
significantly higher in the plasma of COVID-19 patients than in controls (Figure S2 A-C).
Among the COVID-19 patients, levels of cfDNA, H3Cit, and nucleosomes were higher in
patients who suffered 30-day mortality compared to survivors (Figure S2 D-F). Levels of
cfDNA, H3Cit, and nucleosomes did not differ significantly between COVID-19 patients
who were or were not admitted to an ICU (Figure S2 G-I) or between those who did or did
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not have a bleeding event (Figure S2 J-L). Levels of nucleosomes but not cfDNA or H3Cit
were significantly higher in patients who experienced a thrombotic event (Figure S2 M-0).

Extracellular histones can activate platelets resulting in increased thrombin generation [50].
Intriguingly, we observed that when added to control PRP containing CT], histone H3
increased peak thrombin generation and velocity index in a dose dependent fashion (Figure
S3 A). Similar dose-dependent increases in thrombin generation were observed with H3Cit
and nucleosomes (Figure S3 B—C). Compared to histone H3, H3Cit increased peak thrombin
to a similar degree while nucleosomes increased peak thrombin to a greater degree (Figure
S3 D). This response was dependent on platelets, since in the absence of platelets neither
histone H3, H3Cit, nor nucleosomes altered thrombin generation (Figure S3 E).

To determine if extracellular histones in COVID-19 plasma mediated the enhanced platelet-
dependent thrombin generation seen in Figure 1, plasma from COVID-19 patients or
controls was pretreated with either vehicle or HBA7, an RNA aptamer that binds and
neutralizes histones [58]. We observed that HBA7 significantly attenuated the platelet-
dependent increase in thrombin generation mediated by platelets that were incubated with
COVID-19 plasma (o < 0.01) but not with control plasma (Figure 2 A). In a control
experiment, HBA7 did not affect thrombin generation in control or COVID-19 PFP without
added platelets (Figure S4), confirming that the histone-mediated effects on thrombin
generation are platelet dependent. HBA7 also inhibited /n vitro platelet thrombus formation
with COVID-19 plasma-treated platelets (o < 0.005) with near normalization of platelet
accumulation to that observed with platelets treated with control plasma (Figure 2 B-C).

Further, the HBATY aptamer prevented the COVID-19 plasma-mediated production of
annexin V/CDA41 double positive PEVs as measured by flow cytometry (p < 0.0001) (Figure
3 A). This effect of the aptamer resulted in a decrease in peak thrombin and velocity

index when PEVs from platelets stimulated with COVID-19 plasma were added to control
EV-free PFP (p< 0.05) (Figure 3 B). The levels of PEVs generated from platelets stimulated
with COVID-19 EV-free plasma correlated positively with the concentrations of H3Cit

and nucleosomes in the patient plasmas (Figure 3 C-D). Together, these data indicate that
histones in COVID-19 plasma generate procoagulant platelets and PEVs and facilitate the
formation and growth of platelet thrombi on collagen under shear stress.

Extracellular histones promote the production of PEVs via TLR2

Given our novel observation that histones in COVID-19 plasma can activate platelets

to release PEVs, we sought to determine the relative potential of different forms of
extracellular histones (histone H3, H3Cit, and nucleosomes) to produce PEVs. We incubated
washed platelets from control subjects suspended in Tyrode’s buffer with recombinant
histone H3, recombinant citrullinated H3, or nucleosomes, and annexin VV/CD41-double
positive EVs were quantitated by flow cytometry. We found that histone H3 stimulated

the production of PEVs with a biphasic dose response, thresholding at 250 ng/mL and
declining at 500 ng/mL (Figure 4 A). In contrast, both H3Cit and nucleosomes stimulated
PEV production with a relatively linear dose dependency. The levels of PEVs generated with
all three forms of histones exceed that of platelets stimulated with convulxin and thrombin.
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The addition of HBA7 significantly decreased PEV generation by histone H3, H3Cit, and
nucleosomes (Figure 4 B-D).

Since extracellular histones can activate platelets via toll-like receptors TLR2 and TLR4
[49, 50, 71], we used neutralizing antibodies to determine whether histones stimulate the
production of PEVs through these receptors. We found that pre-incubation with a TLR2
neutralizing antibody significantly decreased PEV production from platelets stimulated with
histone H3 or H3Cit, but not nucleosomes (Figure 4 E-G). Pre-incubation with a TLR4
blocking antibody did not significantly inhibit PEV production stimulated by H3, CitH3, or
nucleosomes.

We next tested whether the enhanced PS exposure and integrin activation observed when
control platelets are incubated in COVID-19 plasma is also mediated via histones in a
TLR2-dependent manner. Washed platelets from healthy subjects were resuspended in either
COVID-19 or control plasma. Plasma was either untreated or treated with HBA7 or anti-
TLR2 prior to suspending platelets. Flow cytometry was performed to measure platelet
surface PS exposure by annexin V binding and a.llbp3 activation by PAC1 binding. The
procoagulant effects of COVID-19 plasma on PS exposure and a.llbp3 activation were
inhibited by incubation with either HBA7 (p < 0.01 for annexin V and p < 0.05 for
PAC-1) or anti-TLR2 (p < 0.05 for both annexin V and PAC-1) (Figure 5 A-B). These
findings provide further evidence that extracellular histones in COVID-19 plasma promote
prothrombotic platelet activation via TLR2.

Extracellular vesicles present in COVID-19 plasma accentuate thrombin generation

potential

Having demonstrated that PEVs produced from platelets activated with histones in
COVID-19 plasma can enhance thrombin generation, we next sought to examine the effect
of endogenous EVs isolated from COVID-19 plasma itself. EVs were isolated from control
or COVID-19 PFP via ultracentrifugation and analyzed by transmission electron microscopy
(Figure S5 A). Isolated EVs ranged in diameter from less than 50 nm to up to 200 nm
(Figure S5 B). There was a non-significant elevation in the number of EVs isolated from
COVID-19 patients compared to controls (p= 0.08) (Figure S5 C). Additionally, we used
nanoparticle-tracking analysis to measure the number and size distribution of EVs in the
plasma of COVID-19 and control PFP. In agreement with the electron microscopy data,
most EVs were in the 50 to 200 nm size range (Figure S5 D). When analyzed for size
distribution, there was a significant increase in the number of EVs between 151-500 nM in
size in COVID-19 plasma compared with control plasma (p < 0.05) but no differences in

the 0-150 nM or 501-1000 nM size ranges (Figure S5 E). Immunoblotting demonstrated the
presence of the platelet marker CDA41 (integrin a.llb) in EVs isolated from both COVID-19
patients and controls (Figure S5 F). Per MISEV guidelines,[72] we performed immunoblots
to examine markers of exosomes and ectosomes. The EVs stained robustly for CD63 and
Tsg101, but only faintly for ARF6 (Figure S5 F), suggesting that the isolated EV pool
contained more exosomes than ectosomes [72, 73]. EVs isolated from control or COVID-19
PFP were further characterized by flow cytometry (Figure S5 G). A majority of the EVs
from both controls and COVID-19 patients stained positively for both annexin V binding
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and CD41 (Figure S5 H). There were higher concentrations of total EVs (p < 0.01) (Figure
S5 1), annexin V-positive EVs (p < 0.001) (Figure S5 J), and CD41/annexin V-double
positive EVs (p < 0.001) (Figure S5 K) in COVID-19 PFP compared to control PFP. Taken
together, these findings indicate that COVID-19 patients have elevated plasma levels of EVs,
including PEVs.

Since the EVs isolated from COVID-19 plasma contain negatively charged phospholipid
surfaces (demonstrated by annexin V binding), we next sought to determine whether they
can accentuate thrombin generation in the absence of platelets. We first determined the
contribution of endogenous EVs to thrombin generation in CTl-treated PFP triggered by
TF alone (i.e., in the absence of exogenous phospholipids). Under these conditions, we
observed increased thrombin generation with COVID-19 PFP compared to control PFP,
reflected by increased peak thrombin, velocity index, Tmax, and ETP (Figure 6 A). To
determine if procoagulant EVs were responsible for the increased thrombin generation
observed with COVID-19 plasma, we depleted EVs from control and COVID-19 PFP by
ultracentrifugation and when triggered by TF alone, thrombin generation was nearly absent
in both groups (Figure 6 B). Further confirmation of the procoagulant effect of COVID-19
EVs was obtained when EVs isolated from equivalent volumes of control or COVID-19
patient plasma were resuspended into healthy pooled PFP and triggered with TF alone;
there was a substantial increase in peak thrombin and velocity index with COVID-19 EVs
compared to EVs from controls (o < 0.05) (Figure 6 C-E). Similar effects were observed
when an equal number of control and COVID-19 EVs (normalized based on counts obtained
with flow cytometry) were added to healthy pooled PFP and triggered with TF (Figure 6 F).
Peak thrombin and velocity index nearly doubled with EVs from COVID-19 PFP compared
to EVs from control PFP (0 < 0.05) (Figure 6 G—H). Together, these data suggest that EVs
in COVID-19 plasma are not only more numerous, but also more procoagulant, than EVs in
control plasma.

EVs from COVID-19 plasma increase venous thrombosis in vivo

To determine the prothrombotic potential of COVID-19 EVs in a model of venous
thrombosis /n vivo, isolated EVs from equal volumes of COVID-19 PFP or control PFP
were infused into 8-12-week-old C57BI6/J mice immediately after partial ligation of the
inferior vena cava. Mice infused with EVs from COVID-19 patients had larger venous
thrombi 48 hours after ligation compared to mice receiving saline or EVs from controls
(Figure 7 A—C). To address the possibility that histones present in isolated EVs[72] might
have contributed to thrombus development in mice, we measured the levels of H3Cit in
paired samples of EV-depleted PFP and isolated EVs (Figure S6). Although levels of
H3Cit were higher in the EV-depleted plasma from COVID-19 patients compared to healthy
controls (p < 0.05), H3Cit was not detectable in the washed EVs from either COVID-19 or
control samples.

cfDNA does not contribute to enhanced thrombin generation in COVID-19

Patients with COVID-19 have elevated plasma levels of not only histones and nucleosomes,
but also cfDNA. Since cfDNA can potentiate thrombin generation via activation of factor
XI1 [49], we determined if cFDNA contributes to enhanced thrombin generation potential
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in COVID-19. PFP from controls or COVID-19 patients was incubated with either DNase
1 or heat-inactivated DNase 1, and thrombin generation was triggered by exogenous TF
and phospholipids in the absence of CTI and platelets. Under these conditions, we observed
that treatment with DNase 1 did not alter thrombin generation potential in PFP from either
COVID-19 patients or controls (Figure S7). These findings indicate that the enhanced
thrombin generation seen in COVID-19 is not mediated by an effect of cfDNA on factor
Xlla or the contact pathway of coagulation.

Discussion

Although COVID-19 is recognized as a thrombo-inflammatory illness [1-4], the mechanistic
drivers of thrombin generation and thrombosis are not fully characterized. Endotheliopathy
[9, 10], platelet activation [9, 11, 12], cytokine storm [13-17], NETosis [18-20],
complement activation [18] and the presence of anti-phospholipid antibodies [21] have

been proposed as potential mediators of the prothrombotic state in COVID-19. In this

work, we demonstrate that extracellular histones, a downstream product of all of above
pathways [23, 24, 26, 27], are elevated in COVID-19 plasma and cause platelet activation,
platelet-dependent thrombin generation, /n vitro thrombus formation, and procoagulant EV
production. As such, extracellular histones may represent a targetable unifying mechanism
driving the thrombo-inflammatory state of COVID-19 (Figure 8).

We found that plasma from COVID-19 patients promoted platelet integrin activation and PS
exposure, platelet-dependent thrombin generation, and platelet thrombus formation. These
prothrombotic effects of COVID-19 plasma were inhibited by HBA7, an RNA aptamer

that selectively neutralizes histones. Second, we observed that COVID-19 plasma caused
increased production of PEVs; this effect was also neutralized by HBA7. Further, we made
the novel observation that PEV generation was stimulated by both free (histone H3 and
H3Cit) and DNA-bound histones (nucleosomes), and PEV generation by H3 or H3Cit

was blocked by an anti-TLR2 antibody. Platelet integrin activation and PS exposure were
also inhibited by anti-TLR2 antibody, suggesting that extracellular histones in COVID-19
plasma mediate their effects on platelets via TLR2. Finally, we observed that procoagulant
EVs in COVID-19 plasma enhanced thrombin generation /7 vitro and exacerbated venous
thrombosis /n vivoin a mouse model. Our findings suggest a model in which high levels

of circulating extracellular histones stimulate the formation of procoagulant platelets and
subsequent release of PEVs via TLR2, leading to platelet-dependent thrombin generation
and thrombosis in patients with COVID-19. The effects of histones on platelets may promote
thrombosis by driving the formation of both fibrin (via enhanced thrombin generation
mediated by PS exposure on activated platelets and release of PEVs) and platelet thrombi
(via enhanced platelet aggregation mediated by integrin allbp3 activation).

In agreement with prior studies [14, 20, 22, 32-35], we observed significantly elevated
levels of H3Cit and nucleosomes in plasma from COVID-19 patients. Although extracellular
histones can enter the circulation from multiple sources [23, 28-31], it is likely that a major
source of both free- and DNA-bound histones in COVID-19 plasma is from ETs released

by neutrophils (NETS) in response to the SARS-CoV-2 spike protein or indirectly through
cytokines, autoantibodies, or complement activation [18-20]. SARS-CoV-2 spike protein
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can directly induce the release of NETSs [65], a process that is significantly enhanced by
the presence of activated platelets or PEVs [65]. These observations suggest a mechanism
in which spike protein triggers NETosis, leading to a rise in extracellular histones which
activate platelets through TLR2 or other receptors, resulting in procoagulant platelets and
PEVs that fuel thrombin generation and further NETosis. Consistent with this mechanism,
we found that plasma levels of H3Cit and nucleosomes were positively associated with
mortality in our cohort of hospitalized COVID-19 patients. Furthermore, the generation of
PEVs in the presence of COVID-19 plasma was completely inhibited by HBA7, and the
PEV generation correlated positively with levels of H3Cit and nucleosomes in COVID-19
plasma.

Interestingly, we observed that the free histones H3 and H3Cit promoted PEV formation
via TLR2, whereas nucleosomes appeared to induce PEV formation in a TLR2- and
TLR4-independent manner and with a relatively higher potency than free histones. These
observations suggest that DNA-bound histones may be more prothrombotic than free
histones, but this possibility needs to be confirmed in future studies. We also observed
elevated plasma levels of cfDNA, another product of NETosis, in COVID-19 plasma. Since
cfDNA can directly activate factor X1l [49, 60, 74] and has been proposed to contributed
to pulmonary thrombo-inflammation in COVID-19 [75], we considered the possibility that
cfDNA may promote thrombin generation in COVID-19 through the contact activation
pathway of coagulation. We found, however, that thrombin generation potential in the
plasma of COVID-19 patients was not altered by DNase 1, suggesting that the enhanced
thrombin generation potential of COVID-19 plasma is not mediated by cfDNA.

Through a systematic approach of EV depletion and supplementation, we confirmed that
the EV fraction of COVID-19 plasma is responsible for increased thrombin generation
triggered by TF in the absence of platelets. These results are consistent with prior reports

of EV-associated thrombin generation in plasma from COVID-19 patients [9, 70, 76] and
with prior findings that PS on EVs correlates with disease severity [66, 77]. We also
observed that infusion of EVs (likely produced from histone stimulation of platelets and
other cells) from COVID-19 plasma enhanced the size of venous thrombi induced by partial
ligation of the inferior vena cava in a mouse model, confirming prothrombotic effect of

EVs in determining thrombus size /n vivo. Similar to prior studies [9, 64-68], we detected
elevated circulating levels of total EVs, annexin V-positive EVs, and CD41-positive PEVs
in COVID-19 plasma. The demonstration of procoagulant PEVs in COVID-19 plasma is
concordant with our findings that extracellular histones promote prothrombotic platelet
activation, PEV formation and platelet-dependent thrombin generation. Our data indicate
that both PS-positive platelets and PEVs can enhance thrombin generation potential, but
their relative contributions to the prothrombotic state of COVID-19 remain to be determined.
EVs derived from other cell types, such as neutrophils, monocytes, and endothelial cells
[76], some of which contain TF [78-80], are also known to contribute to the circulating pool
of EVs in COVID-19 and likely contribute to thrombosis risk as well.

Our study has a few limitations, some of which raise interesting questions for future
investigation. First, the samples we studied were collected between April 2020 and
January 2021, prior to the emergence of SARS-CoV-2 variants such as delta and omicron,
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which may vary in their effects on hemostasis and thrombosis. However, elevation of
extracellular histones has been a persistent feature of COVID-19 throughout the pandemic
[37], suggesting the potential therapeutic utility of targeting extracellular histones even
with the emergence of newer COVID-19 subvariants. Second, the control subjects and
COVID-19 patients were not matched with respect to age, hospitalization and other clinical
characteristics. The choice of control group is an inherent limitation of studies such as

this one. We chose a study design in which the controls were healthy subjects to provide

a reference for “normal” thrombin generation responses. Importantly, we did not observe
any significant effects of age, BMI, or sex on the ability of COVID-19 plasma to promote
thrombin generation, /n vitro thrombus formation, or PEV formation (Figure S1). Moreover,
most of the statistical analysis involved comparisons within the control or COVID-19
groups rather than between groups. With regards to hospitalization and other clinical
characteristics, it may be interesting in future studies to compare thrombin generation in
patients hospitalized with COVID-19 to those hospitalized for other infections (such as
Influenza). Third, our studies of /in vitro platelet thrombus growth were performed using
healthy control platelets with stored plasma samples from COVID-19 patients or healthy
subjects. Due to challenges associated with blood collection during the pandemic, we were
not able to perform these experiments using fresh whole blood or cellular blood components
and therefore cannot exclude potential prothrombotic effects of COVID-19 on white blood
cells or erythrocytes. Lastly, although it might have been interesting to determine if the
HBAY aptamer can prevent thrombosis induced by COVID-19 EVs in the murine venous
thrombosis /n vivo, this was not possible because the prothrombotic effects of histones

are upstream of EV formation. Potentially, this question and the role of TLR2 could

be addressed in future studies using mouse models of COVID-19 with TLR2 knockout
platelets.

Overall, our findings suggest that the pharmacological targeting of extracellular histones
have therapeutic potential in COVID-19 because of their ability to influence platelet-
dependent thrombosis, regardless of the upstream mechanism resulting in increased histones
in the plasma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasma from COVID-19 patients promotes platelet-dependent thrombin generation,
thrombus formation, and PEV production.

(A & B) Washed platelets from a healthy control subject were stimulated with PPP from
either control subjects (blue) (N = 11) or COVID-19 patients (red) (N = 11) for 15
minutes. After stimulation, samples were centrifuged, and platelet pellets were resuspended
in Tyrode buffer, incubated with (A) PE-conjugated PAC1 or (B) annexin V-APC, samples
were fixed, diluted and analyzed by flow cytometry. Data are presented as median and

IQR and compared using the Mann Whitney test. (C) Washed platelets were isolated
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from a healthy control subject and stimulated with PPP from healthy control subjects

(N = 9) or COVID-19 patients (N = 25) for 15 minutes. After stimulation, platelets

were centrifuged and resuspended in pooled healthy PFP containing CTI, and thrombin
generation was triggered with 1 pM tissue factor (TF). Representative thrombin generation
curves and quantitative data (see associated table) are presented. Black triangles represent
no added platelets; blue circles represent platelets incubated with control PPP; red squares
represent platelets incubated with COVID-19 plasma. Data are presented as mean and

SEM for normally distributed data and median and IQR for non-normally distributed data.
Comparisons were made using the unpaired t-test or the Mann Whitney test. (D & E)
Recalcified PPP from either control subjects (N = 5) (blue) or COVID-19 patients (N

= 9) (red) were incubated with calcein green-labeled platelets from control subjects and
perfused over a collagen coated surface under venous shear stress (500 s~1) for 10 minutes.
D Representative images after 10 minutes. (E) Fluorescence intensity at the 10-minute time
point was measured to account for both the area covered and changes in signal intensity
due to thrombus growth in the Z direction. Data are presented as mean and SEM and
comparisons were performed using an unpaired student’s t-test. (F) Washed platelets were
isolated from a healthy subject and stimulated with EV-free PFP from healthy control
subjects (N = 12) or COVID-19 patients (N = 17) for 60 minutes. After stimulation, platelets
were removed by centrifugation and then EV's were isolated by ultracentrifugation. EVs
were stained for CD41 and annexin V binding and quantitated by flow cytometry. Data

are presented as median and IQR; analysis was performed using Mann-Whitney test. (G)
PEVs produced in the same manner as F, were isolated and added to EV-free control PFP.
Thrombin generation was triggered with 1 pM TF, and representative curves are shown for
PEVs from platelets stimulated with control EV-free plasma (blue open circles) (N = 24)

or COVID-19 EV-free plasma (red squares) (N = 26) and the black triangles represent the
baseline EV-free control PFP. Quantification is presented in associated table as mean and
SEM for normally distributed data and median and IQR for non-normally distributed data.
Comparisons were made using the unpaired t-test or the Mann Whitney test. * p< 0.05, ** p
<0.01, *** p< 0.001, **** p< 0.0001.
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Figure 2. Extracellular histones in COVID-19 plasma promote platelet-dependent thrombin
generation and thrombus formation.

(A) Washed platelets were isolated from a healthy control subject and stimulated with

PPP from either control subjects (blue) (N = 9) or COVID-19 patients (red) (N = 23)

for 15 minutes. PPP was incubated with the histone aptamer HBA7 (dotted lines) or
vehicle (solid lines) for 5 min prior to platelet stimulation. After stimulation, samples were
centrifuged and platelet pellets were resuspended in pooled healthy PFP containing CTI,
and thrombin generation was triggered with 1 pM tissue factor. Representative thrombin
generation curves and quantitative data (see associated table) are presented. Black arrows
represent pooled healthy PFP containing CTI without added platelets. Data are presented
as mean and SEM for normally distributed data and median and IQR for non-normally
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distributed data. Comparisons were made using the unpaired t-test or the Mann Whitney
test. (B-C) Recalcified PPP from either control subjects (N = 5) (blue) or COVID-19
patients (N = 6) (red) were incubated with the histone aptamer HBA7 (dotted lines) or
vehicle (solid lines) for 5 min prior to the addition of washed calcein green-labeled platelets
from control subjects and perfused over a collagen coated surface under shear stress (500
s1) for 10 minutes. (B) Representative images after 10 minutes. (C) Fluorescent intensity
was measured to account for both the area covered and changes in signal intensity due to
thrombus growth in the Z direction. Data are presented as mean and SEM and comparisons
were performed using mixed effects ANOVA. ** p<0.01, *** p< 0.001.
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Figure 3: Extracellular histones in COVID-19 plasma promote PEV production.
(A) Washed platelets were isolated from a healthy subject and stimulated with EV-free

plasma from control subjects (N = 13) or COVID-19 patients (N = 16) for 60 minutes. The

EV-free plasma was incubated with the histone aptamer HBA?7 or vehicle for 5 min prior
to platelet stimulation. After stimulation, platelets were removed by centrifugation and then

EVs were isolated by ultracentrifugation. EVs were stained for CD41 and annexin V binding
and quantitated by flow cytometry. Data are presented as median and IQR; analysis was

performed using Kruskal Wallis test with Dunns multiple comparison. (B) PEVs produced
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in the same manner as A, were isolated and added to EV-free control PFP. HBA7 was added
during the production of the PEVs and thrombin generation was triggered with 1 pM tissue
factor (TF): representative curves and quantification for PEVs from platelets stimulated with
control EV-free plasma (blue circles with a solid line) or control EV-free plasma containing
HBAY (blue circles with a dotted line), PEVs from platelets stimulated with COVID-19
EV-free plasma (red squares with a solid line) or COVID-19 EV-free plasma containing
HBAZ7 (red squares with a dotted line) (N = 10 for all four conditions). The black triangles
are the baseline control EV-free PFP. Data are presented as mean and SEM for normally
distributed data and median and IQR for non-normally distributed data. Comparisons were
made using the unpaired t-test or the Mann Whitney test. (C-D) Spearman correlation was
performed for the number of PEVs produced (when washed platelets from healthy control
subjects were incubated with EV-free PFP from control subjects or COVID-19 patients) with
the plasma levels of (C) citrullinated histone (H3Cit) or (D) nucleosomes (N = 11 control
and N = 15 COVID-19). ** p< 0.01, **** p<0.0001.
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Figure 4. Histone H3, H3Cit and Nucleosomes induce EV production from platelets.
(A) Platelets isolated from healthy subjects were stimulated with buffer (green open circles),

thrombin (0.1 units/mL) + convulxin (100 ng/mL) (purple half-filled squares) or varying

concentrations of recombinant histone H3 (gray triangles), H3Cit (grey hexagons), or

nucleosomes (gray diamonds) for 60 minutes. EVs were collected by ultracentrifugation,

stained for CD41 and annexin V binding, and the number of CD41/annexin V-double
positive EVs quantitated by flow cytometry. Data were analyzed by one-way ANOVA.

(B-D) The percent change of platelet-derived CD41/annexin V-double positive EVs formed
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in the presence or absence of HBA7 for platelets stimulated with 250 ng/mL (B) histone H3
(N =12), (C) H3Cit (N = 4), and (D) nucleosomes (N = 4). Data were analyzed by paired
t-test. (E-G) The percent change of platelet-derived CD41/annexin V-double positive EVs
formed in the presence or absence of neutralizing antibodies for TLR2, TLR4, or an IgG
control, for platelets stimulated with 250 ng/mL (E) histone H3 (N = 6), (F) H3Cit (N = 6),
and (G) nucleosomes (N = 6). Data are presented as mean and SEM. Data were analyzed
with a mixed effect one-way ANOVA. * p<0.05, ** p< 0.01, *** p< 0.001.
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Figure 5. Extracellular histones in COVID-19 plasma promote platelet PS exposure and integrin
activation via TLR2.

Washed platelets were isolated from a healthy control subject and stimulated with PPP

from either control subjects (N = 5) (blue) or COVID-19 patients (N = 5) (red). PPP

were incubated with the histone aptamer HBA7, or anti-TLR2 for 5 min prior to platelet
stimulation. Samples were centrifuged, platelet pellets were resuspended in Tyrode buffer,
incubated with (A) annexin VV APC or (B) PE conjugated PAC1, samples were fixed, diluted,
and analyzed by flowcytometry. Data are presented as mean and SEM and comparisons were
made using One way ANOVA with Dunn’s multiple comparison within the same cohort.
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Figure 6. EVs from COVID-19 plasma enhance thrombin generation.
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(A) PFP was prepared from healthy control subjects (N = 3) (blue) or COVID-19 patients
(N = 8) (red) in the presence of CTI. Thrombin generation was triggered by 1 pM tissue
factor (TF) in the absence of exogenous phospholipids. Representative thrombin generation
curves and quantitative data are presented. (B) EV-free plasma was prepared from controls
(N = 4) (blue) or COVID-19 patients (N = 7) (red). Thrombin generation was triggered by
1 pM TF in the absence of exogenous phospholipids and representative thrombin generation
curves are presented. (C) EV’s isolated from control PFP (N = 4) or COVID-19 PFP (N =

J Thromb Haemost. Author manuscript; available in PMC 2025 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Eustes et al.

Page 29

7) were added to pooled healthy PFP and thrombin generation was triggered by the addition
of 1 pM TF. Representative thrombin generation curves and quantitative data for (D) peak
thrombin and (E) velocity index are presented. (F) EVs were isolated from control (N =

5) or COVID-19 (N = 5) PFP by ultracentrifugation and quantitated by flow cytometry.
Equal concentrations of EVs (1 x 104 per uL PFP) were added to pooled healthy PFP

and thrombin generation was triggered by the addition of 1 pM TF in the presence of

CTI. Representative curves thrombin generation curves and quantitative data for (G) peak
thrombin and (H) velocity index is presented. Black triangles, no added EVs; blue circles,
EVs from control PFP; red squares, EVs from COVID-19 PFP. Data are presented as mean
and SEM for normally distributed data and median and IQR for non-normally distributed
data. Comparisons were made using the unpaired t-test (for normally distributed data) or the
Mann Whitney test (for non-normally distributed data). *p < 0.05.
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Figure 7. EVs from COVID-19 plasma exacerbate venous thrombosis in mice.
EVs isolated from the plasma of healthy control subjects (blue open circles, N = 8) or

COVID-19 patients (red squares, N = 6) were infused retro-orbitally into C57BL6/J mice
immediately after venous thrombosis was triggered using a stenosis model of inferior

vena cava (IVC) ligation. Thrombi were collected 48 hours after I\VC ligation, and the
thrombus length (A) and weight (B) were measured. Black triangles represent the group
that were infused with saline (N = 9). (C) Representative images of venous thrombus

from mice infused with either saline (Ca), or with EVs isolated from COVID-19 or (Ch)
healthy control subjects (Cc). Data are presented as median and IQR and comparisons were
performed using the Kruskal-Wallis test. *p < 0.05; NS, not significant.
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Figure 8. Extracellular histones, a proposed targetable unifying mechanism driving the thrombo-
inflammatory state of COVID-19.

Proposed mediators of thrombosis in COVID-19 include complement activation, cytokine
storm, platelet activation, endotheliopathy, and antiphospholipid antibodies. All of these
processes can induce cell death pathways, including the release of extracellular traps
(ETosis), resulting in elevation of extracellular histones. Our data suggest that high levels
of extracellular histones in COVID-19 plasma trigger platelet prothrombotic activity via
TLR2, resulting in the generation of platelet-derived extracellular vesicles (EVS). The
activated platelets and platelet-derived EVs (containing surface exposed phosphatidylserine
(PS)) drive thrombin generation and thrombus formation. This unifying prothrombotic
pathway can be inhibited by the anti-histone aptamer HBA7. Thus, extracellular histones
may represent a targetable unifying mechanism driving the thrombo-inflammatory state of
COVID-109.
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Table 1.

Baseline characteristics and clinical outcomes

Healthy/Control Subjects (N = 68)

COVID-19 Patients (N = 103)

Median age - years (range)

38.5 (20-77)

63 (24-85)

Sex - % male

50

53

Median BMI - kg/m?2 (IQR)

25.3 (22.4-28.4)

30.8 (26.9-38.5)

Median laboratory values (IQR)

White blood cell count (x 10%/L) 5.2 (4.4-6.2) 9.7 (7.0-12.1)
Neutrophil count (x 10%/L) 3.1(21-37) 7.6 (4.6-10.7)
Lymphocyte count (x 10%/L) 1.6(1.1-2.1) 0.9 (0.6-1.3)
Monocyte count (x 109/L) 0.4 (0.3-0.6) 0.5 (0.4-0.8)

Platelet count (x 10%/L)

239 (187-277)

297 (227-380)

Hemoglobin (g/dL)

14.6 (13.8-16.1)

12.2 (11.0-13.6)

Hematocrit (%) 42.8 (40.5-46.9) 37 (34-41)
CRP (mg/dL) ND* 9.5 (3.9-18.0)
Ferritin (ug/L) ND* 623 (270-1524)
D-dimer (ug/mL FEU) ND 1.5(0.8-3.9)
Fibrinogen (mg/dL) ND 552 (474-659)
Partial thromboplastin time (sec) ND 27.0 25.0-30.0)
Prothrombin time (sec) ND ¥ 11.0 (11.0-12.0)
INR ND ¥ 1.0 (1.0-1.1)
Clinical outcomes - no. (%)
30-day mortality 0 18 (17.5)
ICU admission 0 68 (66.0)
Intubation 0 31(30.1)
Acute kidney injury 0 19 (18.5)
Arterial Thrombosis 0 6 (5.8)
Venous Thrombosis 0 8 (7.8)
Bleeding 0 12 (11.7)
Comorbidities - no. (%)
Diabetes 0 35 (34.0)
Heart Disease 0 31 (30.1)
Renal Disease 0 10 (9.7)
Lung Disease 0 23 (22.3)
Autoimmune Disorder 0 6 (5.8)
Malignancy 0 10 (9.7)
Chronic Liver Disease 0 0(0)

*
not determined

J Thromb Haemost. Author manuscript; available in PMC 2025 September 01.




	Abstract
	Introduction
	Methods
	Human subjects
	Mice
	Blood sample processing
	Thrombin generation
	Platelet-derived EV production
	Experimental venous thrombosis
	Statistical analysis
	Data sharing statement

	Results
	Plasma from COVID-19 patients enhances platelet-dependent thrombin generation and thrombus formation in vitro
	Plasma from COVID-19 patients promotes production of platelet-derived extracellular vesicles
	Extracellular histones in COVID-19 plasma mediate platelet-dependent thrombin generation, in vitro thrombus formation, and PEV production
	Extracellular histones promote the production of PEVs via TLR2
	Extracellular vesicles present in COVID-19 plasma accentuate thrombin generation potential
	EVs from COVID-19 plasma increase venous thrombosis in vivo
	cfDNA does not contribute to enhanced thrombin generation in COVID-19

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3:
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.

